Varicella-zoster virus (VZV) is a highly species-specific herpesvirus that infects up to 90% of the human population (6). During primary infection, VZV is responsible for the predominantly childhood disease varicella (chicken pox). Following resolution of primary infection by the host immune system, the virus establishes a lifelong, latent infection in the dorsal root ganglia of the host. Reactivation from this site may occur many years later, resulting in herpes zoster (shingles), a condition which can be complicated by prolonged pain associated with postherpetic neuralgia (6, 37).
Varicella-zoster virus (VZV) is a highly species-specific herpesvirus that infects up to 90% of the human population (6) . During primary infection, VZV is responsible for the predominantly childhood disease varicella (chicken pox). Following resolution of primary infection by the host immune system, the virus establishes a lifelong, latent infection in the dorsal root ganglia of the host. Reactivation from this site may occur many years later, resulting in herpes zoster (shingles), a condition which can be complicated by prolonged pain associated with postherpetic neuralgia (6, 37) .
The induction of VZV-specific T-cell immunity is critical for host recovery from varicella, and both major histocompatibility complex (MHC) class I-restricted CD8 ϩ T lymphocytes and MHC class II-restricted CD4 ϩ T lymphocytes are sensitized to viral antigens during primary infection (5) . The role of VZVspecific T lymphocytes in maintaining the equilibrium between the host and virus during latency is implied by the association between a decline in the frequency of circulating VZV-specific T lymphocytes and an increased risk of VZV reactivation, causing herpes zoster (26) . However, like several other herpesviruses, VZV has the capacity to interfere with the expression of MHC class I and MHC class II molecules (2, 3) . VZV-encoded immunomodulatory mechanisms that limit the presentation of VZV peptides by MHC class I or MHC class II pathways to effector T lymphocytes are likely to play an important role in the pathogenesis of VZV disease and persistence of the virus in the human population (1) .
Several human viruses have evolved alternative strategies of evading immune recognition by selectively infecting and altering the function of specialized immune cells involved in host immune surveillance. For example, T lymphocytes play a critical role in adaptive immunity, and viruses such as human immunodeficiency virus (HIV) and measles virus can infect and destroy these cells, which may result in significant immunosuppression of the host (7, 16, 17) .
Dendritic cells (DCs) are potent antigen-presenting cells critical for the initiation of a successful antiviral immune response through the stimulation of immunologically naïve T lymphocytes (8, 34) . DCs located in the periphery exist as immature cells, expressing low levels of MHC class I and MHC class II molecules and costimulatory molecules such as CD80 and CD86. Immature DCs readily take up antigen and are induced to migrate to the secondary lymphoid organs, where they undergo maturation and present processed antigens to antigen-specific T lymphocytes (8, 34, 35) . Maturation of DCs results in the downregulation of antigen uptake and processing properties and the upregulation of MHC class I and MHC class II molecules; increased surface expression of costimulatory molecules CD80, CD86, and CD40 and the maturation molecule CD83; and upregulation of adhesion molecules such as ICAM-1 (CD54) (8, 14, 36, (39) (40) (41) (42) . The ability of mature DCs to efficiently activate naïve T lymphocytes which subsequently eliminate target cells (e.g., virus-infected cells) has been attributed to their expression of these specific cell surface immune molecules (11) .
It has been postulated elsewhere that DCs would be an ideal target for viruses seeking to evade or delay the immune response by disrupting their function (11) . In this respect, viruses including herpes simplex virus type 1 (HSV-1) (23), human cytomegalovirus (29) , human herpesvirus 6 (20) , measles virus (18, 19, 32) , HIV (12, 27) , and lymphocytic choriomeningitis virus (33) have been shown previously to interfere with the immune function of infected DCs by a variety of mechanisms. However, not all viruses which infect DCs interfere with DC antigen-presenting function. For example, influenza virus productively infects DCs, but these cells can still function as antigen-presenting cells (10) . Interestingly, we recently demonstrated that immature DCs productively infected with VZV showed little or no change in cell surface expression of MHC class I, MHC class II, CD1a, CD86, or CD40 (4). However, the ability of VZV to infect and interfere with mature DC function has yet to be elucidated. Given the pivotal role that mature DCs play in the induction of successful antiviral immune responses, we sought to determine whether VZV could infect mature DCs and interfere with their immune function. In this study, we demonstrate that VZV can productively infect human mature DCs and produce infectious virus. VZV infection of mature DCs resulted in a specific downregulation of the functionally important immune molecules MHC class I, CD80, CD83, and CD86 and a significant reduction of T-cell stimulatory capacity.
MATERIALS AND METHODS
Virus and cells. VZV strain Schenke, a low-passage-number clinical isolate, was propagated in human foreskin fibroblasts (HFFs). HFFs were grown in tissue culture medium Dulbecco's modified Eagle's medium (Gibco, Gaithersburg, Md.) supplemented with 10% heat-inactivated fetal calf serum (FCS) (CSL, Parkville, Australia). VZV-infected HFFs were stored at Ϫ80°C in tissue culture medium with 10% dimethyl sulfoxide (Sigma, Castle Hill, Australia).
Cell isolations and generation of DCs. Peripheral blood mononuclear cells were isolated from healthy adult donors by density gradient sedimentation with Ficoll-Hypaque (Amersham Pharmacia Biotech, Uppsala, Sweden) and separated into monocyte-and T-lymphocyte-enriched fractions by countercurrent elutriation (29) .
Cell fractions containing T lymphocytes were resuspended in RPMI (Gibco) containing 10% heat-inactivated FCS (RPMI-GM) supplemented with 10% interleukin-2 (IL-2) (Boehringer, Mannheim, Germany) at a concentration of 10 6 cells/ml in 12-well tissue culture plates and incubated at 37°C in a 5% CO 2 atmosphere. Every 2 days cells were resuspended in fresh RPMI-GM supplemented with 10% IL-2. Typically Ͼ95% of cells when immunostained with an anti-human CD3 antibody were CD3 ϩ by flow cytometry. Pooled monocyte fractions were collected, resuspended at 5 ϫ 10 5 cells/ml in RPMI-GM, and allowed to adhere to 24-well tissue culture plates. Immature DCs were generated by removing the nonadherent cells following a 2-h incubation at 37°C, and adherent cells were cultured for 7 days in RPMI-GM supplemented with 400 U of granulocyte-macrophage-colony-stimulating factor (GM-CSF)/ml and 500 U of IL-4/ml (Schering-Plough, Munich, Germany). Fresh medium containing cytokines was added to cells on days 2, 4, and 6 (13) . Typically Ͼ90% of cells were shown by flow cytometry analysis to be of an immature DC phenotype (i.e., CD1a ϩ MHC class I ϩ MHC class II ϩ CD80 low CD83 Ϫ CD86 low ). Mature DCs were generated by transferring the nonadherent immature DCs to new plates and culturing them for a further 2 days in RPMI-GM containing 2 g of lipopolysaccharide (LPS) (Sigma, St. Louis, Mo.)/ml, 400 U of GM-CSF/ ml, and 500 U of IL-4/ml for 2 days at 37°C in a 5% CO 2 atmosphere (9, 31 2 fragments, and goat anti-mouse PE-conjugated F(abЈ) 2 fragments were diluted 1:100 in FACS buffer. Tertiary mouse monoclonal antibodies, anti-human MHC class I, and anti-human MHC class II were diluted 1:50, and anti-human CD80, anti-human CD83, and anti-human CD86 were diluted 1:25. For all experiments, irrelevant control antibodies of the same IgG isotype were incubated with cells to control for nonspecific antibody binding. These included VZV nonimmune polyclonal human serum and mouse IgG of the same isotype. All antibodies were diluted in FACS buffer, antibody incubations were performed in the dark on ice for 30 min, and between each antibody step cells were washed in 2 ml of FACS buffer. Following immunostaining, cells were resuspended in orthofixative (PBS with 1% electron-microscopy-grade formaldehyde) and analyzed with FACSCalibur and CellQuest software (Becton Dickinson, San Jose, Calif.). Positive and negative staining of cells was decided by the level of fluorescence that exceeded, or did not exceed, the fluorescence level determined by Ͼ98% of cells from the same starting population when these cells were incubated with isotype control fluorochrome-conjugated antibodies. To calculate the fold change in cell surface immune molecule expression, the mean fluorescence intensity (MFI) values from mock-infected DCs and VZV antigen-positive DCs from the same blood donor and staining experiment were compared with each other.
Immunofluorescence microscopy. Immunofluorescence staining was performed on cell spots and cells grown on glass coverslips. A quantity (2 ϫ 10 4 ) of cells were centrifuged onto glass slides (Menzel-Glaser, Mainz, Germany) for 5 min at 150 ϫ g with a Cytospin centrifuge (Shandon, Pittsburgh, Pa.) and air dried for 1 h. Cell spots and cells grown on coverslips were fixed and permeabilized in acetone for 15 min at 4°C and air dried for 1 h. To block nonspecific antibody binding, cells were incubated with blocking buffer (10% normal goat serum in PBS) for 30 min at 37°C before staining. Cells were incubated with primary antibodies (mouse anti-human MHC class II, mouse anti-human CD83, and VZV immune polyclonal human serum, all diluted 1:50) before the secondary antibodies [goat anti-human FITC-conjugated F(abЈ) 2 fragments diluted at 1:100 and Alexa Fluor 594 goat anti-mouse IgG conjugate diluted at 1:250] were added. All antibodies were diluted in blocking buffer and were applied to slides for 30 min at 37°C. Following each antibody incubation, slides were washed three times in PBS. Isotype control antibodies, VZV nonimmune polyclonal human serum, and mouse IgG were used to control for nonspecific antibody binding. Following immunofluorescence staining, slides and coverslips were mounted in Slow Fade antifade mounting medium (Molecular Probes), and cells were examined with an Optiscan laser scanning confocal microscope.
Infectious-center and transwell assays. Mature DCs were separated from total cells following incubation with an antibody cocktail containing anti-CD1a, anti-
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CD83, and MHC class II and immunomagnetic bead separation as previously described (4). Typically, 98% mature DC purity was obtained as shown by immunostaining and flow cytometry. A quantity (10 4 ) of DCs were added to 24-well plates containing glass coverslips, preseeded with 10 5 HFFs. Plates were centrifuged at 150 ϫ g for 15 min at room temperature and then incubated at 37°C in 5% CO 2 . Four days later, coverslips containing cell monolayers were removed, air dried, and fixed in acetone at 4°C for 15 min. Viral antigens were detected by immunofluorescence staining with a VZV immune polyclonal human serum as described above. Infectious centers were counted with a fluorescence microscope.
Supernatant assay. Culture media from VZV-infected and mock-infected DC cultures were collected at days 2 and 4 postinfection and applied to freshly isolated mature DCs from a second donor. Two days later DCs were harvested and immunostained with antibodies to MHC class I, MHC class II, CD80, CD83, and CD86 and analyzed by flow cytometry as previously described.
Allogeneic T-lymphocyte proliferation assay. T lymphocytes (2 ϫ 10 5 /well) were cocultured with mock-or VZV-infected mature DCs in RPMI-GM for 5 days in 96-well flat-bottomed tissue culture plates. Triplicate wells of T lymphocytes were incubated with mock-or VZV-infected mature DCs (day 2 postinfection) at DC/T-cell ratios of 1:100, 1:250, 1:500, and 1:1,000. After 5 days at 37°C with 5% CO 2 , the wells were pulse-labeled with 
RESULTS
VZV productively infects human mature DCs. Our previous demonstration that immature DCs were susceptible to VZV infection has provided a solid basis for the continued study of VZV-DC interactions (4). We therefore first sought to determine whether VZV could infect mature DCs.
Mature human DCs were generated by a well-characterized two-step culture method (31) . Immature DCs were derived from CD14
ϩ peripheral blood human monocytes by incubation with GM-CSF and IL-4 for 7 days. These cells were immunostained for cell surface MHC class I, MHC class II, CD80, CD83, and CD86 and analyzed by flow cytometry. Cultures consisted of Ͼ90% immature DCs as defined by their cell surface staining phenotype (CD1a (Fig. 1A) . Immature DCs were then cultured for a further 2 days in medium containing LPS to stimulate maturation. When these cells were immunostained for the above cell surface markers and examined by flow cytometry, they displayed a characteristic mature DC surface phenotype (i.e., CD1a ϩ MHC class I high MHC class II high CD80 high CD83 ϩ CD86 high ) (Fig. 1A) . In addition to assessment of cell surface marker expression, we also examined both immature and mature DCs by confocal microscopy after immunostaining for MHC class II. After LPS treatment the resulting cells displayed the characteristic stellate morphology of mature DCs (Fig. 1B) . Based on cell surface staining and cell morphology, Ͼ90% of immature DCs were defined as being successfully converted to a mature DC phenotype.
Using these mature DCs, we assessed their susceptibility to VZV infection. VZV is highly cell associated in cultured cells in vitro, and high titers of cell-free virus stocks cannot be generated (15, 38) . Therefore, VZV-infected HFFs were used to inoculate mature DC cultures. Mature DCs (which are nonadherent in culture) were added directly to wells containing uninfected or VZV-infected adherent HFFs at a DC/HFF ratio of 2:1. Twenty-four hours postinfection the DCs were collected and cultured for a further 3 days. DCs were then harvested and dually stained for VZV and MHC class II antigens by using human polyclonal VZV immune serum and a mouse monoclonal antibody to MHC class II antigens, respectively. Stained cells were then subjected to flow cytometry analysis. Negative controls included mature DCs incubated with uninfected HFFs (mock infected) and incubation of mock-and VZV-infected cells with isotype control antibodies. Based upon isotype staining controls, Ͼ98% of mock-infected cells expressed MHC class II in the absence of VZV antigen expression ( Fig. 2A) . In VZV-infected mature DC cultures, 16% of mature MHC class II ϩ DCs were VZV antigen positive (Fig.  2B) . In a total of five independent experiments, 15 to 45% of mature MHC class II ϩ DCs expressed VZV antigens at day 4 postinfection. To confirm that the MHC class II ϩ cells analyzed in this experiment were indeed mature DCs and not contaminating HFFs (from the inoculation procedure), we also stained VZV-infected HFFs for MHC class II expression. These cells, whether VZV ϩ or VZV Ϫ , remained MHC class II Ϫ (Fig. 2C) . Mature DCs were also assessed by flow cytometry for VZV antigens over a time course of infection. In two replicate experiments, the mean percentage of VZV antigenpositive mature DCs at 12, 24, and 48 h postinfection was 7.4, 14.6, and 23.2%, respectively. In addition, we assessed mature DCs after exposure to cell-free VZV (multiplicity of infection ϭ 1) and found that 31.9% of DCs were VZV antigen positive on day 4 postinfection.
The full replicative cycle of VZV in permissive cells is presumed to follow a regulated cascade of viral gene expression (15) . These viral genes can be divided into three temporal classes, immediate-early (IE), early (E), and late (L) gene products, based upon their expression kinetics (23) . To determine whether VZV expressed all three kinetic classes of viral proteins within mature DCs, viral antigen expression was assessed by immunofluorescence staining of mock-and VZVinfected mature DCs. On day 4 postinfection VZV-and mockinfected mature DCs were incubated with antibodies specific for either immediate-early (ORF62), early (ORF29), or late (gC) viral proteins (representative of all three kinetic classes). Cells were also stained for MHC class II.
Mock-infected mature DCs stained positive for MHC class II antigens with a mouse monoclonal antibody but did not stain for VZV protein ORF62, ORF29, or gC with rabbit anti-VZV polyclonal antibodies (Fig. 3A and data not shown) . In VZVinfected DC cultures, dual-stained VZV ϩ (green-staining) and MHC class II ϩ (red-staining) DCs were readily detectable (Fig. 3B to D) . VZV ORF62 localized to the nucleus or cytoplasm, ORF29 localized to the nucleus, and gC localized to the cell surface and cytoplasm. The subcellular localization of these viral gene products in mature DCs was consistent with that previously reported for productive infection of permissive HFFs and immature DCs (4, 22) . Isotype control antibodies did not stain either mock-or VZV-infected cells ( Fig. 3E and  F) . In repeated experiments with mature DCs from five different donors, VZV antigens from the three kinetic classes were readily detectable. These data demonstrate that VZV could infect and synthesize IE, E, and L viral proteins in mature DCs.
An infectious-center assay was used to determine whether new infectious virus particles were generated in VZV-infected mature DCs. Briefly, cultures of mature DCs were inoculated with VZV-infected or uninfected HFFs for a period of 24 h, and 4 days later mature DCs were harvested and incubated with an antibody cocktail consisting of anti-CD1a, anti-CD83, and anti-MHC class II antibodies. CD1a ϩ CD83 ϩ MHC class II ϩ cells were isolated by immunomagnetic bead separation, and 10,000 cells were applied in duplicate to HFF monolayers preseeded onto glass coverslips. Four days postinoculation coverslips were harvested, fixed, and stained for VZV antigens. VZV ϩ infectious centers were readily detectable in HFF monolayers incubated with infected mature DCs (193 infectious centers). Mock-infected mature DCs failed to produce any VZV-positive infectious centers. In a further two replicate experiments with mature DCs from two different donors, similar numbers of infectious centers were detected. The generation of infectious centers required cell-to-cell contact between infected mature DCs and HFFs because separation of these cells by a 1-m-pore-size transwell filter completely abolished the appearance of infectious centers (data not shown). Taken together, these experiments demonstrate that mature DCs are permissive for VZV infection and that these cells support the full virus replicative cycle, resulting in the production of new infectious virions.
VZV downregulates cell surface immune molecules on mature DCs. As immature DCs become mature, their ability to efficiently stimulate T lymphocytes increases as a result of an upregulation of MHC class I and MHC class II, together with costimulatory molecules CD80, CD83, and CD86 (8, 34, 35) . Given the importance of immune molecule expression for mature DC function, flow cytometry was applied to assess the impact of VZV infection on cell surface MHC class I, MHC class II, CD80, CD83, and CD86 expression on cells from (Fig. 4) . Given that our infection protocol does not result in every mature DC becoming infected (i.e., VZV antigen positive [VZV ϩ ] by flow cytometry), we next sought to determine whether the observed downregulation of MHC class I, CD80, CD83, and CD86 occurred on DCs directly infected with VZV. Mature DCs from mock-or VZV-infected cultures were dually stained for VZV antigens and either MHC class I, MHC class II, CD80, CD83, or CD86 on day 4 postinfection (Fig. 5A) . Isotype antibody was included as a control in each staining reaction. Interestingly, we observed two apparent populations of MHC class I-and CD86-expressing cells (high and low), although flow cytometry analyses demonstrated that both populations could be infected with VZV ( Fig. 5A and data not  shown) . In five replicate experiments with mature DCs derived from five independent donors, the fold decrease in MFI of immune molecule expression on VZV ϩ DCs was compared to that for mock-infected DCs from the same donor (Fig. 5B ). These experiments demonstrate that the cell surface expression of MHC class I, CD80, CD83, and CD86 but not MHC class II was significantly downregulated on VZV ϩ DCs.
Effect of secreted factors on VZV-mediated downregulation of MHC class I, CD80, CD83, and CD86 on mature DCs. Mature DCs were mock or VZV infected as described above. On day 4 postinfection the culture medium from these cells was collected and applied to freshly isolated uninfected mature DCs from a second donor. After 2 days of incubation together, the DCs were harvested and immunostained with mouse monoclonal antibodies specific for either MHC class I, MHC class II, CD80, CD83, or CD86 and analyzed by flow cytometry. No alteration in the expression of these cell surface molecules was observed on mature DCs inoculated with media from VZV-infected DC cultures compared with that for DCs To confirm that the immune molecules expressed on mature DCs derived from the second donor were actually able to be downregulated by VZV, aliquots of these cells were also mock or VZV infected and assessed for the expression of cell surface VZV antigens, MHC class I, MHC class II, CD80, CD83, and CD86. As expected, the VZV-infected mature DCs showed a selective downregulation of MHC class I, CD80, CD83, and CD86 cell surface expression, whereas MHC class II expression remained unchanged (data not shown). These results demonstrate that direct virus infection is required for downregulation of MHC class I, CD80, CD83, and CD86 and that secreted factors from infected DCs do not alter the cell surface expression of these immune molecules on neighboring uninfected DCs. Retention of CD83 molecules in VZV-infected mature DCs. The cell surface protein CD83 represents one of the best mature DC markers, as it is not expressed on immature DCs and is induced only during DC maturation (41, 42) . Although the precise function of CD83 remains to be elucidated, its expression on mature DCs along with the costimulatory molecules CD80 and CD86 suggests that it plays an important role during the immune response (25) . To further assess VZV-mediated downregulation of cell surface CD83, we assessed the localization of CD83 in mature DCs exposed to VZV. Mature DCs were mock or VZV infected as described above and harvested at day 4 postinfection. Cell aliquots were spotted onto glass microscope slides before being fixed, permeabilized with acetone, and dually stained for VZV and CD83 antigens or VZV and MHC class II antigens. Included in this assay were both VZV-and mock-infected cells stained with isotype control antibodies. Following immunostaining, cells were examined by confocal microscopy.
There was a significant difference in the CD83 staining patterns observed in mature DCs from mock-infected and from VZV-infected cultures (Fig. 6) . In mock-infected cultures,
CD83
ϩ cells exhibited diffuse cytoplasmic and surface staining (Fig. 6D) . In contrast, Ͼ90% of VZV antigen-positive cells from VZV-infected DC cultures displayed a punctate CD83 staining pattern localized to discrete cytoplasmic compartments (Fig. 6A to C) . Cell surface CD83 staining was not detected on these cells. Staining was not detected in mock-or VZV-infected cell populations when isotype antibodies were used ( Fig. 6E and F) . There was no reduction or change in cellular localization of MHC class II in VZV-infected DCs compared with mock-infected DCs (data not shown). Similar results were obtained in a further three replicate staining experiments. These data demonstrate that VZV infection of mature DC cultures results in a loss of detectable cell surface CD83 concomitant with a retention of CD83 in cytoplasmic vesicles.
VZV infection impairs the allogeneic T-cell-stimulatory capacity of mature DCs. The most distinctive functional characteristic of mature DCs is their ability to stimulate T cells (8, 14, 36) . Therefore, we assessed the functional consequences of the selective immune molecule alteration observed on VZV-infected mature DCs. Mock-or VZV-infected mature DCs were compared in an allogeneic mixed-lymphocyte reaction. On day 2 postinfection, various numbers of DCs from either mockinfected or VZV-infected mature DC cultures were added to allogeneic T cells, and their ability to stimulate T-cell proliferation was measured 6 days later. In this experiment, flow cytometry analysis revealed that 36% of mature DCs were VZV antigen positive.
Mature DCs from mock-infected cultures showed a high stimulatory capacity. In contrast, mature DCs inoculated with VZV-infected HFFs showed a clear reduction in their allostimulatory ability (Fig. 7) . This effect was most significant at a DC/T-cell ratio of 1:250, where the percentage of inhibition was 42%. In an additional two replicate experiments, a similar inhibition in T-cell-stimulatory capacity was observed in mature DC cultures infected with VZV compared to their mock- infected counterparts. These data show that VZV infection of mature DCs inhibits their ability to stimulate the proliferation of allogeneic T cells.
DISCUSSION
These experiments provide the first evidence that VZV can productively infect mature human DCs and that infection results in the downregulation of specific cell surface immune molecules together with impaired T-cell-stimulatory capacity. Given the importance of mature DCs in initiating antiviral immune responses, VZV interference with mature DC function represents an immune evasion mechanism which is likely to confer a survival advantage on the virus by inhibiting or reducing the consequences of a DC-initiated immune response. It was previously demonstrated that VZV encodes two separate immune evasion strategies of specifically downregulating cell surface MHC class I (3) and inhibiting the upregulation of gamma interferon-induced MHC class II expression (2) during productive infection of primary HFFs. These VZVencoded immunomodulatory effects are likely to delay the initial clonal amplification of VZV-specific CD8 ϩ and CD4 ϩ T lymphocytes and at least transiently enhance the ability of VZV to replicate at cutaneous sites. Our present report assessing mature DCs identifies a third immune evasion mechanism for VZV whereby the virus is able to productively infect a specialized immune cell (representing the most potent antigen-presenting cell type) and in doing so impairs its ability to function properly.
This study extends our previous finding that VZV can productively infect immature DCs and subsequently transfer infectious virus to autologous T lymphocytes (4) . The ability of VZV to infect immature DCs and transfer virus to T lymphocytes has provided a model for virus dissemination during primary infection. In this instance, after initial infection of the human host, the virus encounters immature DCs of the respiratory mucosa which subsequently transport virus to the Tlymphocyte-rich draining lymph nodes, resulting in T-lymphocyte infection and subsequent dissemination of virus to other sites. Thus, it appears that VZV is DC tropic and can target two distinct aspects of DC function represented by immature and mature DCs. This ability to infect both DC types confers upon the virus the potential to both increase virus dissemination in the host and evade the immune response.
Mature DC function relies not only on the recognition of antigenic peptides in association with MHC molecules but also on the interaction with several other immune molecules including CD40, CD54, CD80, CD83, and CD86 (23, 28, 35) . We assessed the cell surface expression of MHC class I, MHC class II, CD80, CD83, and CD86 and found that, with the exception of MHC class II, all of these molecules were downregulated on VZV-infected mature DCs. These observations indicate that the mechanism by which VZV alters immune molecule expression on mature DCs appears novel, since the pattern of immune molecule alteration differs from that of other viruses which infect and alter mature DCs. In comparison, HSV-1 infection of mature DCs results in the downregulation only of CD83 (24) and HSV-2 infection causes downregulation of MHC class I, MHC class II, CD40, CD80, and CD86 on murine DCs (C. Jones, personal communication, July 2002). Several other human viruses including measles virus (18, 19, 32) and HIV (12, 27) have been shown to infect DCs and interfere with DC antigen-presenting function. It should be noted, however, that the source of cells and/or the DC maturation stimuli may have a significant bearing on the expression of immune molecules and subsequent DC function following virus infection. In this respect, human cytomegalovirus has been shown elsewhere to downregulate MHC class I and MHC class II on monocyte-derived DCs induced to mature with LPS or tumor necrosis factor alpha (30) , and yet CD34 ϩ bone marrow-derived DCs induced to mature with CD40 display a downregulation of MHC class I, MHC class II, CD80, CD83, CD86, and CCR7 (E. S. Mocarski, personal communication, July 2002). Thus, among the human herpesviruses studied to date, there appear to be multiple strategies to interfere with DC immune molecule expression, and the present study provides evidence that VZV has done likewise.
Immunofluorescence staining and confocal microscopy demonstrated an accumulation of CD83 antigens within the cytoplasms of cells from VZV-infected mature DC cultures, and the accumulation was detected predominantly as discrete punctate foci. This staining pattern was concomitant with a significant loss of cell surface CD83 staining and was consistent with a decrease in CD83 MFI values as determined by flow cytometry. The only other published report which has examined the subcellular localization of immune molecules is that of Kruse et al., who, after showing that CD83 was the only immune molecule altered during HSV-1 infection of mature DCs, went on to further assess this molecule (24) . They demonstrated that the downregulation of CD83 correlated with a redistribution of CD83 antigens to cytoplasmic lysosomes where they were degraded. Future studies will determine whether VZV and HSV-1 share a common mechanism of action with respect to CD83 downregulation during infection of mature DCs. FIG. 7 . Allogeneic T-cell-stimulatory capacity of mock-and VZVinfected mature DCs. Mature DCs were either VZV infected or mock infected for 2 days and then incubated with allogeneic T cells at various DC/T-cell ratios. T-cell proliferation was determined in counts per minute (Ϯ standard deviation) after cells were cocultured for 5 days and then pulsed with 
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Although the precise molecular mechanisms responsible for VZV-mediated downregulation of cell surface MHC class I, CD80, CD83, and CD86 remain to be elucidated, our data clearly show that direct virus infection and not soluble factors are required for this phenotype. First, uninfected mature DCs cultured with conditioned media from parallel VZV-infected mature DC cultures did not cause cell surface changes in the expression of these immune molecules. Second, mature DCs separated from VZV-infected HFFs by use of a 1-m-poresize transwell did not show any alterations in cell surface immune molecule expression (data not shown). Third, dual staining of mature DCs for VZV antigen and immune molecule expression clearly showed that mature DCs with reduced cell surface MHC class I, CD80, CD83, and CD86 expression were VZV antigen positive. Finally, Kalinski and coworkers have reported that mature DCs are resistant to the effect of secreted cytokines (22) .
The identity of the VZV gene or genes involved in the downregulation of immune molecules during productive infection of mature DCs is yet to be determined. To date, ORF66 is the only identified VZV immunomodulatory gene product. It has been shown elsewhere to downregulate MHC class I expression on HFFs transfected with an ORF66-expressing construct (3) . Additional studies assessing ORF66 together with other viral open reading frames are a focus of current experiments aimed at identifying the VZV genes responsible for the inhibition of mature DC function.
In summary, this study provides the first evidence that VZV encodes an immune evasion strategy during the productive infection of mature DCs and suggests that VZV has evolved additional mechanisms to avoid immune surveillance and establish a persistent infection in the host. The selective downregulation of MHC class I, CD80, CD83, and CD86 during VZV infection of mature DCs differs from the mechanisms that other viruses employ to alter mature DC function. These findings have significant implications for our understanding of VZV pathogenesis and mechanisms of VZV-encoded immune evasion.
